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ABSTRACT. The goal of this presentation is to report the latest progress in creation of the next
generation of VLBI-based International Celestial Reference Frame, ICRF3. Two main directions of
ICRF3 development are improvement of the S/X-band frame and extension of the ICRF to higher
frequencies. Another important task of this work is the preparation for comparison of ICRF3 with
the new generation optical frame GCRF expected by the end of the decade as a result of the Gaia
mission.
1. INTRODUCTION
In 1997, the International Celestial Reference Frame (ICRF) based on the positions of 608
extragalactic radio sources derived from the VLBI observations at S/X bands has been adopted by
the IAU as the fundamental celestial reference frame, replacing the FK5 optical frame (Ma et al.,
1998). The first ICRF, hereafter referred to as ICRF1, was replaced in 2009 by ICRF2 also based on
S/X observations (Ma et al., 2009), the current IAU standard celestial reference frame. The ICRF2
is very much improved with respect to ICRF1 in the sense of both number of sources included
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and position accuracy. However, it still has serious problems discussed in Section 2. To mitigate
these problems, a new generation frame, the ICRF3, is currently under development making use of
both new VLBI observations and new developments in data analysis. This work is coordinated by
the IAU Division A Working Group Third Realization of International Celestial Reference Frame
(Chair Christopher Jacobs). We present here the current status of the ICRF3 as of September 2014
and prospects for the near future.
There are three primary tasks of the ICRF3 activity. The first goal is a substantial improvement
of ICRF2 in S/X band. The progress in this direction is described in Section 3. The second task
is to extend the ICRF to higher frequencies, such as Ka, K, and Q bands, which is crucial for
many important practical applications. The third goal is to prepare the link of the new generation
Gaia-based optical frame GCRF to ICRF3 by the end of the decade. This problem is discussed in
Section 5.
2. CURRENT ICRF STATUS
The ICRF2 catalog was computed using nearly 30 years of VLBI observations and provides
accurate positions of 295 “defining” sources and generally less accurate positions of 3119 other
radio sources (Fig. 1). The advantages of the ICRF2 with respect to the ICRF1 are manyfold:
• increasing total number of sources from 608 (717 with two extensions) to 3414;
• increasing number of the defining sources from 212 to 295 and improving their sky distribution;
• more uniform distribution of the defining sources;
• improving the source position uncertainty; decreasing the noise floor from 250 µas to 40 µas;
• elimination of large ICRF1 systematic error at the level of ≈0.2 mas (Fig. 2);
• improving axes stability from ≈20 µas to ≈10 µas.
However, ICRF2 still has several serious deficiencies, the main of which are:
• Very non-uniform distribution of the position accuracy. About 2/3 of the sources are from the
VCS survey (Beasley et al., 2002) and have about 5 times worse median precision as compared
with non-VCS ICRF2 sources. Besides, 39 special handling unstable sources processed in arc
mode have position uncertainties much large than other sources having similar number of
observations (Fig. 3).
• Both, distribution of the ICRF2 sources and their position errors over the sky, are not uniform.
Most of the sources are north of −45◦, i.e. within VLBA sky coverage limits. Due to
the relatively small number of stations in the southern hemisphere (particularly a lack of
large antennas), position errors of the southern sources are generally substantially worse
(Fig. 1). In spite of putting into operation four new stations in Australia and New Zealand,
the percentage of observations of southern sources, especially in the southern polar cap region
remains practically the same as for ICRF1 (Fig. 4).
• As follows from theoretical considerations (Liu et al., 2012) and analysis of the latest source
position catalogs (Malkin, 2014; Sokolova & Malkin, 2014; Lambert, 2014), ICRF2 may have
residual systematics at a level of ≈20 µas and rotations at a level of a few µas per decade
(Figs. 5, 6).
• Official ICRF2 catalog is defined for S/X bands only, whereas many scientific and practical
applications require the CRF realization of similar quality for other frequencies.
The ICRF3 activity is aims at elimination of these ICRF2 problems taking advantage of grad-
ually increasing total number of observations (on average about 0.6 million observations per year
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during the last years), more active observations at southern stations, and new developments in
VLBI technology and data analysis.
Figure 1: ICRF2: the current IAU standard frame consists of 3414 sources (Ma et al., 2009). Note
the lower spatial density of sources south of −30◦. About 2/3 of the sources (2197) originating
from the VCS survey have 5 times lower precision than the well observed sources.
Figure 2: ICRF2 minus ICRF1 smoothed differences, µas.
3. IMPROVING S/X ICRF
The first problem to be solved for improving ICRF2 in S/X band is to achieve a more uniform
distribution of the source position uncertainty. Figure 3 shows how it depends on the number of
observations (dependence on the number of sessions is weaker). Two main steps in this direction
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Figure 3: Uncertainties of the ICRF2 source positions vs. number of observations. Note that the
arc sources (highlighted) do not follow the general law.
Figure 4: Number of observations by declination bands. Note that the percentage of observations
in the south polar cup region is not improved w.r.t. ICRF1.
are now underway.
The VCS2 project was proposed and accepted by NRAO in 2014 (P.I. David Gordon). Eight
24 h observing sessions are planned, and five of them have been observed, correlated, and analyzed
at the GSFC VLBI group. The first results of the analysis have shown manyfold improvement in
the position uncertainty for re-observed VCS sources (Fig. 7).
Improving the ICRF in the southern hemisphere in the sense of both the number of sources and
their position accuracy is another primary task of the ICRF3. A giant step in this direction was
made with the inclusion of new VLBI antennas in Australia (Hobart, Katherine, Yarragadee), New
Zealand (Warkworth), and S. Africa (HartRao) in the IVS observing programs. Because the new
stations are equipped with relatively small antennas (12 m in Australia and New Zealand, and 15 m
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Figure 5: Differences between recent VLBI catalogues and ICRF2, µas (Sokolova, Malkin, 2014).
in S. Africa), larger antennas such as Parkes 64 m, DSS45 34 m, Hobart 26 m, and HartRAO 26 m
will need to be added in order to detect weaker sources (Titov et al., 2013). Further improvement in
the number of observations of southern sources can be achieved through inclusion of CRF sources
in the regular IVS EOP observing programs (Malkin et al., 2013).
Important factors limiting the source position precision and accuracy are source structure and
the core-shift effect. They are most significant in S/X band. Both increasing of the number
of many-baseline observations and developments in VLBI technology and analysis are needed to
mitigate these effects.
4. EXTENDING ICRF TO HIGHER FREQUENCY BANDS
As radio frequencies increase, sources tend to become more core dominated as the extended
structure in the jets tends to fade away with increasing frequency. Also the spatial offset of the
radio emissions from the AGN’s central black hole due to opacity effects (core shift) is reduced with
increasing observing frequency.
On the other hand, observations at K and Ka bands are more weather sensitive, which combined
with the shorter wavelengths leads to shorter coherence times. Furthermore, sources are often
weaker and antenna pointing is more difficult. The combined effect is lower sensitivity, but advances
in recording technology are rapidly compensating with higher data rates. Currently, the IVS, the
VLBA and JPL’s Deep Space Network are moving to 2 Gbps operations.
Currently, active CRF works are underway at K (22–24 GHz), Ka (32 GHz), and to a lesser
extent Q (43 GHz) bands.
Lanyi et al. (2010) and Charlot et al. (2010) did pioneering work to develop high precision
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Figure 6: Rotation of GSFC astrometric catalogues w.r.t. ICRF2 (Malkin, 2014).
Figure 7: VCS2: Average uncertainties in 2-degree bins for 1309 re-observed VSC sources. Note ≈3
times improvement in precision and much more uniform distribution of the position uncertainties
over declination.
celestial frames at 24 GHz. Currently, the K-band CRF includes 275 sources (Fig. 8). Most sources
have a position precision better than 200 µas. Further development is expected in the framework of
activity of a new K-band full sky coverage collaboration (de Witt et al., 2014). Accurate positions
of more than 500 K-band sources are expected in the near future.
Since 2005, the two baselines of NASA’s Deep Space Network have been making observations at
X/Ka-band of about 500 sources down to −45◦. Recently they have been joined by ESA’s DSA03
35 m antenna in Malargu¨e, Argentina resulting in full sky coverage at Ka-band (Horiuchi et al.,
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2013). Now, the regularly observed Ka network consists of four stations: Goldstone (CA, USA),
Tidbinbilla (A.C.T., Australia), Malargu¨e (Mendoza, Argentina), and Robledo de Chavela (Spain).
The current X/Ka-band CRF includes 644 sources (Fig. 9), 700+ sources are expected in the near
future.
It should be noted that, as with S/X, high frequency CRFs are still weak in the south.
Figure 8: K-band CRF: 268 sources, still weak in the south.
Figure 9: X/Ka-band CRF: 654 sources, still weak in the south.
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5. OPTICAL–RADIO FRAMES LINK
Launched in December 2013, ESA’s Gaia mission is designed to make state-of-the-art astro-
metric measurements (positions, proper motions and parallaxes) of a billion objects as well as
photometric and radial velocity measurements (Lindegren, 2008; Mignard, 2014). Gaia’s observa-
tions will include approximately 500,000 AGN of which ≈20,000 will be optically bright (V < 18
mag) thus enabling very high expected precisions of 70–150 µas at V = 18m and 25–50 µas at
V = 16m.
Gaia Celestial Reference Frame (GCRF) will be created in two steps. First an internally con-
sistent solution will be computed from the data collected during the Gaia mission by the end of the
decade. Then this solution should be oriented in such a way to be consistent with the VLBI-based
ICRF.
To provide the ICRF-GCRF link with the highest accuracy, dedicated efforts are underway
in the framework of the ICRF3 activity. First it is necessary to identify a sufficient number of
optically and radio bright objects, whose positions can be reliably determined from both VLBI
and Gaia observations with accuracy better than 100 µas. Bourda et al. (2010) estimated that
300+ AGN are optically bright while also strong and compact in radio thus enabling both Gaia
and VLBI to make very precise position measurements. This common set of sources should allow
the GCRF and ICRF radio frames to be rotationally aligned to better than 10 µas precision. After
making the optical-radio alignment, position offsets between the two techniques can be studied to
characterize systematic errors. Having multiple radio frames (S/X, K, X/Ka) should be of great
value in characterizing frequency dependent effects e.g. core shift.
The work to extend the list of common Gaia-VLBI sources through the optical photometry of
the current and prospective ICRF sources is underway (Taris et al., 2013).
6. CONCLUSIONS
Our goals are to improve the precision, spatial and frequency coverage relative to the ICRF2
by 2018. This date is driven by the desire to create radio frames that are ready for comparison
with the Gaia optical frame. Several specific actions are underway. The VCS2 project is aimed at
substantial improvement in S/X-band precision of about 2200 VCS sources. Five sessions (of eight
planned) are completed, and the first results are very encouraging. S/X-band southern precision
improvements are planned from observations with five new southern antennas, such as AuScope
and HartRAO. Both these factors: completion of the VCS2 and substantial increase of the number
of astrometric VLBI observations (currently about 9.8 million delays compared to 6.5 million delays
used to derive ICRF2), especially in the south, makes it possible to publish an intermediate ICRF
version in 2015, which can be substantially improved with respect to ICRF2 and may be very useful
for different applications.
Large progress is also being achieved in developing the CRF at Ka and K bands. New improve-
ments are expected, in particular, from adding a new ESA station in Malargu¨e, Argentina thus
providing three additional baselines to Australia, California and Spain.
On the analysis front, special attention will be given to combination techniques both of VLBI
catalogs and of multiple data types (Iddink et al., 2014, 2015; Seitz et al., 2014; Sokolova & Malkin
2014). Consistency of CRF, TRF, and EOP is another area of concern, see, e.g., Seitz et al. (2014).
The creation of a next generation VLBI-based ICRF and the Gaia-based new-generation optical
GCRF are main projects in fundamental astrometry for this decade. Both frames are intended to
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provide ICRS realizations with systematic accuracy better than 10 µas. It is anticipated that further
comparison and merging of both the radio ICRF and the optical GCRF will allow construction of
a new highly accurate multiband and systematically uniform ICRF.
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